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. EXECUTIVE SUMMARY

I n todayds digital age, enterprises can easily id
associated benefits of data-driven manufacturing. Pilot programs have demonstrated the
benefits of data-driven manufacturing, but there are few examples of a digital thread
establishment in high volume production from which small and medium enterprises can learn
and leverage. GE Aviation is committed to implementation of the digital thread needed to
effectively manufacture increasingly complex designs aimed at improving fuel efficiency and
reducing lifecycle costs of gas turbine engines. In 2014, U.S. air carriers spent $48 billion
consuming 16.8 billion gallons of fuel [1]. The FAA forecasts that U.S. airline fuel consumption
will increase by an average of 1.6% each year through 2025 [2]. Thus, a 1% reduction in fuel
consumption through adaptive manufacturing via the digital thread would equate to over 500
million dollars per year in U.S. fuel savings.

High performance turbine blades are critical components in aircraft engines which require
complex internal and external geometries. Their greatest post-casting manufacturing challenges
are due to the inevitable variations in wall thickness and internal-to-external geometry that occur
during the casting process. This manufacturing problem is a valuable case study for agile
compensation to account for production variability, and the infrastructure and methodology
developed to solve this problem can be applicable to many other manufacturing applications
within aerospace, automotive and energy industries.

One past response to this variation has been using casting data to manually classify parts into
simple groups prior to machining. Such classifications have demonstrated appreciable loss
reductions in low rate production in a Manufacturing Readiness Level 6 (MRL6) environment,
but that approach is not scalable to higher volume production. In this report, we describe a
prototype of a fully automated digital thread for data transfer and methodologies that have been
operationalized for connecting Arconic casting and GE Aviation turbine blade manufacturing
facilities at MRL 7. This common digital thread supported the automated adaptive hole drilling
operations within the GE Aviation enterprise and represents a scalable solution to the problem.

Upstream in the turbine blade casting process, technologies and protocols were developed for
encapsulating manufacturing data into a flexible xml file format by Arconic. A robust data
transfer protocol and techniques between Arconic and GE Aviation were deployed, tested, and
utilized. Downstream work done within the GE Aviation enterprise established a process for
receiving, storing, and analyzing the casting digital data in an agile manner. GE Global
Research Center and University of Wisconsin performed analytical work to process the
manufacturing variation data and rapidly generate automated part classifications. These
algorithms were deployed and demonstrated and enabled adaptive hole drilling. Agile
communication protocols to transmit part classification and adaptive drilling data to the CNC
control software of the hole drilling machines within the GE Aviation production environment
were successfully demonstrated. Integration of the software developed by International
TechneGroup Inc. (ITI) for monitoring the state of the drilling machines in a production
environment to enable optimal machine operation was also demonstrated.

Figure 1 provides a graphical summary of the program and contributors.
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Finally, the feasibility of more advanced adaptive machining i specifically individualized
adaptive machining by parti was also evaluated.

Under this program, tools and protocols necessary to assure casting data fidelity were defined
and demonstrated. Using the digital thread and classification tools established, that data was
securely and reliably transferred to, and ingested by, GE Aviation. Combining those processes
and technologies with the part classification algorithms developed here, the baseline impact of
the upstream casting variation on the manufacturing losses in downstream hole drilling
operations were quantified. For the primary GE Aviation high pressure turbine blade (HPTB)
used in this program, 120 parts deemed to be at highest risk for manufacturing loss based on
their as-cast condition (from over 9000 production castings) were isolated from routine
production shipments. All 120 parts were adaptively drilled using the digital thread established in
this program. Post drill x-ray results demonstrated capability for drilling all 120 parts free of
defects in the adaptively drilled regions. The tools and approaches employed here have been
described in detail, and functionalities that enable the scaling and leveraging of this approach
have been incorporated into commercially available software tools.

. PROJECT REVIEW

This effort uses the cooling hole drilling process as a baseline opportunity to demonstrate and
optimize the digital thread across the value stream for processing turbine airfoils from casting to
finished parts. Digital toolsets which analyze part variation data and health of machine groups
have been created and applied to demonstrate and establish requirements for adaptive turbine
blade hole drilling.

Problem Statement and DMDII Relevance

High technology manufacturing, such as production of aircraft engines, remains an economic

competitive advantage in the United States. According to the Congressional Research Service

analysis of International Organization for Economic Cooperation and Development data, the

United Statesn ot only fAderives a greater sharetchf manuf a
industries, o that shar e .8,2sopposedtodeblieirgimmgnyothei ng i n
OECD member countries. [3] United States manufacturing productivity surpasses that of other

countries with every $1.00 spent in manufacturing adding $1.37 to the economy. [4]

High volume manufacturing facilities perceive risk in implementing digital thread infrastructure
and agile adaptive machining within their fast paced, highly productive environments without
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first maturing the technology in a representative environment. In 2006, GE Aviation established
Manufacturing Technology Lean Labs to be the bridge between low Manufacturing Readiness
and Technology Readiness Level (MRL & TRL) research and development institutions,
designers of next generation components, and high-volume manufacturing facilities which
require technologies to be at MRL 8-10 for cost effective and robust operation.

The GE Aviation Turbine Airfoils Lean Lab works with research and development institutions to
define requirements for new technologies. Lean Lab engineers and technicians mature and
industrialize the technologies from proof of concept (TRL/MRL3) through low rate production in
a representative environment (TRL7/MRL7). Newly designed turbine blade hardware is
manufactured at low rate initial production by production operators in the Turbine Airfoils Lean
Lab to truly demonstrate technology maturity. Process engineers manage the process transition
and train the high-volume facility personnel on the equipment, processes, and quality
methodologies involved. The GE Aviation Turbine Airfoils Lean Lab is thus uniquely positioned
to demonstrate and transition to high volume production adaptive turbine blade cooling hole
drilling using upstream casting data through implementation of the digital thread.

High Pressure Turbine (HPT) blades are the product of sophisticated manufacturing processes
and are subject to manufacturing constraints and variations that affect their performance.
Manufacturing processes include the fabrication of wax and core molds and dies, ceramic core
formation, casting of metal parts, machining to final dimensions, and the machining of film
cooling holes and channels. All manufacturing processes result in deviations from nominal
design specifications; however, with a balance of state-awareness and production agility,
downstream processes can be compensated to achieve the designers' desired (i.e. nominal)

performance.
Figure 2 illustrates the process flow for a high-pressure turbine blade casting, highlighting sources
of variation.
‘!i
|
f CMM, blue light,
wa or e-gage external
internal geometry geometry
core fabrication = wax pattern tree assembly & casting shell removal & finishing inspection data
INTERNAL EXTERNAL INTERNAL & EXTERNAL EXTERNAL GEOMETRY GAGER&R, ACCURACY

CORE LOCATION

During cooling hole manufacturing, the casting is loaded into a fixture on the drilling machine
tool which constrains and locates the part relative to an external geometry datum coordinate
system. Electro-discharge machining (EDM) and laser drilling are both processes used for
generating shaped and round cooling holes at shallow incident angles to the airfoil surface.
Upstream casting variation such as material and geometry variations can have an impact on the
cooling hole drilling processes. This condition is illustrated in Figure 3. Casting variation results
in a varying metal wall thickness from part to part due to the shift of the internal ceramic core
insert during the casting operation.
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Due to the shallow incident angles, the variation of the actual drill length required to punch
through the metal into the cavity is magnified proportional to the hole incident angle. If the hole
is not drilled through the complete hole drill length it will result in a blocked hole defect.

If the hole drilling operation is not adequately tuned to anticipate such variation it can result in a
significant increase of blocked hole defects as shown in 4. The data show that the hole drilling
operation produced blocked (not-through) holes at locations where the wall thickness was
significantly greater than the expected norm. Blocked hole defects trigger undesirable drill
rework and expose the part to additional risk of unintended over-drilling into a back-side cavity
wall, resulting in a different manufacturing defect.

Blocked hole drilling defect from casting variation

A

o Blocked Holes

8 ~&- Thru Holes
A!’

Wall Thickness variation from casting vaciation

Hole Dnll Number

Conversely if the actual casting wall thickness is significantly lower than the anticipated wall
thickness it may result in an unintended over-drill operation, where material is erroneously
removed at an unintended location near the hole such as at the far end of the cavity.
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Historically, yield loss at hole drilling operations can result in over 50% of the overall loss from

post casting operations:
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Another possible condition caused by the shift of the internal cavity is the intersection of the
cooling hole electrode in the internal cavity at a location that is substantially different from the
nominally designed part condition as shown in schematic below. The intersection of the cooling
hole in the internal cavity of the as-cast part is at radius location with substantially different
geometry characteristics compared to the nominal condition. If the hole drilling operation is not
adequately tuned to anticipate such variation it can result in a significant increase of blocked
hole defects or over-drilling defects as shown in the schematic below.

Blocked Hole

Backstri ke ‘#Metavl |

Blocked holes “generally”
had local thicker metal wall
BIoc!(ed Ho!es e 8 G u t i i 2.8, i i “ !il "gtil"l 350,
== _T—l'—l_
. o o
R i ﬁ”ﬂlmmm i
P RS 4T | — ul§ ikli! o3 o
Thm wall Wall Thickness Variation Thickwall

Laser and EDM systems are often equipped with breakthrough detection technology which
senses when the beam or electrode has broken through the casting wall and terminates the
burning cycle accordingly. While this technology has matured in recent years to significantly
reduce blocked holes and over-drills into the cavity wall, there remain limitations with the
technology, particularly when there is significant variation in the configuration of the internal
geometry of the cavity due to upstream casting operations.
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cylindrical

As displayed above, cooling holes may be cylindrical or may have a shaped diffuser. The
purpose of diffuser shapes is to direct and optimize the film cooling on the external surface of
the blade with the air exiting from inside the blade through the hole. Much research has been
done demonstrating the effect of geometric variations in diffuser shapes on film effectiveness
and ultimately performance of the blade in the engine. [6] That is, the ability to tightly control
diffuser geometry can increase the fuel efficiency and durability of engines in the field. The
variation of external airfoil geometry and metal wall thickness can significantly impact the
diffuser geometry produced by the laser and EDM machining operations.

The most common method for manufacturing cooling holes involves fixturing the part relative to
set external datums and removing material through EDM or laser without taking actual internal
or external geometry into account. Design for producibility practices have enabled optimization
of yield between casting and machining for this approach, but with increasing complexity in
casting designs and the desire for increased control of diffuser shape geometry it may no longer
be sufficient in the next generation of turbine blades to ignore casting variation during cooling
hole drilling operations. While numerous efforts at including upstream casting variation have
been made in the past, these efforts have been limited in scope involving largely manual data
transfer and data analysis methods. Furthermore, the methods and implementation of the
adaptive drilling offsets have also been mostly adjustments done directly on the hole drilling
machines by process engineers, without automation. Thus, to industrialize and mature this
methodology for robust, high-volume production, several developments were necessary. Those
developments are outlined in Table 1 below.

Implementation of robust adaptive cooling hole manufacturing results in tighter process control
of cooling hole manufacturing. The ability to adapt to various casting conditions may allow for
looser casting tolerances, thus reducing casting costs while also reducing drilling losses and
rework from blocked holes. Tighter control of shaped diffuser geometry and position can equate
to greater engine fuel efficiency and durability.
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Requirement

Current State

Project Action

Secure and compliant
transfer of casting data
from vendors to GE
Aviation servers

- Emailed spreadsheets or print-
outs in boxes of parts per GE
request from design
engineering, manufacturing,
quality, etc

- Manual store & forward servers
requiring hard token log in for
each transfer

- GE and Arconic evaluated
and implemented a secure
and compliant data
transfer methodology

Establish minimum
viable casting data set
size and locations
needed for adaptive
machining

Establish minimum
required repeatability
and accuracy for
adaptive machining and
demonstrate capability

- Casting data measurement
requirements established for
non-adaptive machining based
on blade mechanical
requirements

- Measurement of accountable
characteristics meets quality
system requirements, additional
or more stringent requirements
for adaptive machining (if any
exist) are unknown

- GRC and University of
Wisconsin developed
software tools to analyze
manufacturing variation
data and proposed
methodology for groupings
in the amount of variation
accounted for in different
dataset designs

- Validated robustness of
groupings to gage
repeatability and accuracy

Final and accurate as
shipped casting data
only

- In process and final data stored
in same databases, manual
intervention required to
separate

- Arconic established
appropriate data structures
and querying routines to
ensure transfer of final, as-
shipped casting data

Identify equipment
health and condition
requirements for robust
part class program
generation and use in
adaptive machining

- EDM and laser processes
conform to established
technical plan parameter
requirements.

- Sensitivity of individual part
class program outcomes (i.e.
hole characteristics) to machine
or machine supporting
equipment (i.e coolant system,
chillers, etc) not analyzed

- ITlI enhanced the
MTConnect4MSVisio
(renamed ShopFloorlQ)
application for agile
analysis of groups of
equipment in conjunction
with downstream
inspection data such as
airflow, hole position, and
shaped hole dimensions

Project Methodology

There are several reasons why the upstream casting data have not been utilized in the
downstream hole drilling operations to date in an automated manner. These include complex
blade geometry, limited access to internal cavity geometry, and limited availability of the
upstream inspection data from the casting vendors. This challenge was solved under this
project effort in two phases. In the first phase, the current practice of manual sorting of parts into
classifications based on casting data and the manual selection of an appropriate part program
from the EDM or laser controller has been automated and implemented in the Turbine Airfoils
Lean Lab. In the second phase, the infrastructure and tools developed in the first phase were
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utilized to evaluate feasibility of the more advanced individualized adaptive machining by part or
feature (as opposed to adaptive machining by part class in phase one).

Phase 1: Part classification Phase 2: Individualized Adaptive Drilling Opportunities

wall thickness data

thick

“thin” EDM| External
e surface data
wall thickness at hp!e
at hole locations locations

low”EDM
program
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low vhigh
- \ [

Wax die # (external surface)

Waox Die #1| Wax Die 2| fWax Die #3 Loser
L\_r"—‘-u Program

e Waox Die #1 > Post drill

MﬁIL‘_' 71M : ’ casting machined inspection
x Die Wox Die,#\3 Ngx Die .
Py — Machine State Data

- A Prog :

MﬁﬂL h M W core location data A = Anclysis
..nllll = tool
Outside GE Inside GE Outside GE Inside GE

Five tasks were proposed to address the problem statement requirements for adaptive
machining listed in Table 1. These tasks are shown in Table 2 below and detailed further below.
Each task comprised key activities in the first phase of adaptive machining through part
classification which are necessary to enable fully automated adaptive hole drilling by part
classification. These activities also laid the foundation for evaluating feasibility of the more
complex and individualized adaptive machining.
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Yearl Year 2

GE Aviation
Uni. of Wisconsin

GRC
Alcoa
m

al
Qz2
Q3
aQd
al
Q2

Program Task / Ownership

Task 1: Establish data structure and secure transfer process and architecture
1.1: Vendor and QEM Data Structure Design
1.2: Secure and Compliant Data Transfer
1.3: Demonstration in Manufacturing Representative Environment
1.4: Demonstrate Feasibility of Changing Data Stored and Transferred
Task 2: Casting Data Fidelity
2.1: Tools or Methodology to Assure Correct and Final Condition Data .
2.2: Assess Current State Gage R&R and Accuracy of Phase One Data .
2.3: Evaluate Feasibility and Cost of Increased Data Fidelity Requirements .
Task 3: Casting Variation Mapping
3.1: Casting Variation Analysis Tool . .
3.2: Validation of Analysis Tool Through Application to Existing Part Classifications . .
3.3: Sensitivity Analysis to Casting Data Gage R&R and Accuracy . .
Task 4: Agile Communication to Equipment Control
4.1: Select Communication Protocol for Adaptive Machining Through Part Classification .
4.2: Demonstrate Selected Protocol in Production Representative Environment .
4.3: Propose Communication Options for Individualized Adaptive Machining .
Task 5: Incorporate Machine Condition Monitoring Analysis into the Digital Thread
5.1: Enhance ITI MTConnectMS4Visio to Analyze Sets of Machines and Inspection Data .
5.2: Establish Machine Condition Control Requirements for Optimal Adaptive Machining .
5.3: Incorporate Established Limits and Requirements into Machine Monitoring Strategy . .
Task 6: Project Management .

Task 1: Establish data structure and secure transfer process and architecture
Task 1.1: Vendor and OEM Data Structure Design

The critical first step in establishing the data structure was an evaluation by Arconic and GE
Aviation of the availability of as-produced data that can provide downstream value, in this case
to enable adaptive machining of film cooling holes. The critical data for this use were those
which allowed accurate location of the internal cavities in the casting relative to the outer
contour of the airfoil and any features used to locate the airfoil in the hole drilling equipment.
The initial airfoil selected for use in this program had a predetermined number of airfoil wall
measurement locations as well as one measurement of the airfoil tip wall location. Based on
prior GE efforts, those data were deemed adequate for program efforts. The follow-on GE airfoil
had a wider array of available measurements that could be used to localize the internal cavities.
They included airfoil external wall thickness measures, multiple measures of airfoil tip wall
location, and computed tomography (CT) scans to provide supplementary wall thickness
measurements. Although use of all these measures of the two components may not have been
necessary for adaptive hole drilling, Arconic and GE chose to include all the available data in
the Digital Twin to maximally stress data collection and transmission. This also required that the
CT data be appropriately digitized post acquisition.

The selection of format for the Digital Twin data had to fulfill, at least, the following
requirements:

9 Tailored to the component and use case

T Agnostic to the various forms of the cust ome]
1 No vendor specific software required for interpretation

9 Flexible to handle current and anticipated types of digital data
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91 Easily transmitted through networks
9 Easily interpreted with minimal configuration and expert knowledge.

In the absence of an industry-standard Digital Twin interoperability format, Extensible Markup
Language (XML) was chosen for this project as the data format. In addition to providing
flexibility to accommodate a range of digital data configurations, the format is based on ISO
8879, is fully documented, and can be viewed and verified with standard editors and browser
systems.

The classes of data contained in the programmatic files are described four major xml elements
below:

Header Data: This portion of the XML file is used to capture the high-level attributes of part
identification. These include a manufacturing tracking number, customer serial number,
customer part number and file creation date and time.

DTGeometry: This section described the x,y,z coordinates of the data described in
DiscreteType. Use of unambiguous coordinates in an agreed upon reference space to
define a specific measurement location greatly reduce uncertainty in data labeling as
additional data is added to the Digital Twin.

DiscreteType: This was the bulk of the Digital Twin as it detailed the values of the Twin
components such as wall thickness and tip wall location.

CTLine: One unique aspect of the Digital Twin defined for the follow-on airfoil component
was the inclusion of digitized Computed Tomography line scans. These scans were
digitized into point sets that represent the location of the edges of the exterior of the airfoll
and the internal cavities. Due to variance in as-built shape of individual airfoils, the number
of points in each set were not consistent, which was different from the other data in the
program Digital Twin. The ability to develop an XML schema dealing with variant data
configurations also drove XML use in this program.

Task 1.2: Secure and Compliant Data Transfer

Use of a universal schema format like XML allows the delivery mechanism and destination point
to be specific to the vendor and customer combination. The best practice is to transmit data files
through secure ftp which includes a provision for confirmation of receipt. There is a plethora of
commercially available options in addition to numerous customer or supplier developed
applications. GE chose Globalscape EFT, a Managed File Transfer solution with built in
compliance controls, auditing, workflow automation, and two-factor authentication.

Task 1.3: Demonstration in a Manufacturing Representative Environment

Arconic built the program solution based on its current production data solution of aggregating
multiple data sources into a single contextualized data warehouse. The trigger for the
generation of Digital Twin data is a scheduled routine which queries the Manufacturing
Execution System (MES) for shipped part serial numbers on specified jobs. The returned list of
serial numbers is queried in the data warehouse for the Digital Twin data that is configured
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specifically for that part number. The Digital Twin data may, optionally, be visualized in a
spreadsheet prior to being exported in xml format to a file share. A Digital Twin file is created
for each part serial number. A scheduled batch program picks up the files from this share and
transmits them, via Globalscape. After successful transfer, the files are moved to a backup
archive and the process repeats. The frequency of the process is configurable and is currently
set to once per day.

Arconic supplied Digital Twin data in XML format through Globalscape for the initial GE airfoil for
all production castings for a period of six months. In all, the Digital Twin data was supplied for
over 2700 airfoil castings. This extensive use of the process allowed Arconic to discover and fix
minor bugs in the data extraction and XML generation applications.

Task 1.4: Demonstrate Feasibility of Changing Data Stored and Transferred

Configuration of the Digital Twin for all components needs to be scalable and manageable. The
choice of XML as a data format provided this capability immediately through the XML Schema
Definition file. Each transmitted XML-based Digital Twin data file references a schema
definition (XSD). The XSD describes the hierarchy and format of the data so that the
downstream user can parse the contents without ambiguity. This allows supplier and customer
to dynamically change the type and extent of the data without having a layer of version control.

Task 2: Casting Data Fidelity

Data fidelity critically depends on a number of factors: repeatability and reliability of the
measurements, accurate attribution of a measurement value to a particular casting or part,
assurance of completion of all tests and storage of the resultant data, robust systems for
extraction and packaging of that data from production sources and databases, an unequivocal
data file structure for correct ingestion of the data on receipt, and a robust and secure data file
transfer method. The last three items were addressed in the Task 1 discussion.

The initial data provided to GE Aviation for both program components were the coordinates for
external casting CMM points, wall thickness points, and the CMM data for a statistically
significant number of castings. That CMM data allowed GE Aviation to develop a model of the
average as-built casting, rather than depending on the nominal as-designed casting model.
Gage R&R data were provided for the airfoil wall thickness measurements and for the airfoil tip
thickness measurement for the initial GE airfoil. The airfoil wall thickness measurements were
collected using an ultrasonic probe in an automated measurement unit, with supplemental
manual ultrasonic measurements at specific, difficult to measure locations. The airfoil tip
thickness measurements were obtained using a linear probe pushed through the interior of a
fixtured casting. As described in the Task 3 efforts, the R&R of those measurements was
adequate for development of adaptive hole drilling algorithms that used that data.

As described in Task 1, the second GE airfoil is CT scanned for metrology information in
addition to the ultrasonic and CMM measurements. This required a separate R&R study of wall
thicknesses measured using CT scanning. A selection of castings was measured multiple times
after being placed into different locations in the CT unit loading rack. The results of the R&R
study were supplied to GE Aviation, and again the R&R was adequate for development of
adaptive hole drilling algorithms.

While the gage R&R of the various measurements used in this program were adequate for the
desired application, future uses of the data may require less measurement variability. Currently,
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both ultrasonic wall measurement and CT scan measurement have geometry-based limitations.
Ultrasonic probes have limits dealing with widely varying metal thicknesses and very small
internal cavities due to the finite size of the ultrasonic probe. Practical options for widely varying
wall thicknesses include use of multiple ultrasonic probes (different frequencies), and production
capable units for cast airfoils are under development. CT wall measurement variability is largely
driven by limitations of the ability of the reconstruction algorithm in the CT unit to account for
scattering and beam hardening when scanning highly complex geometries. This can be
improved by greatly increasing the number of images used in reconstruction at the expense of
lower throughput and higher cost. Post-processing techniques under development, such as
Model-Based Reconstruction, show promise to improve CT metrology consistency without large
numbers of images.

Although not a part of this DMDII program, efforts continued to improve correct attribution of
measurement values to a particular casting and thus enable the ability to assure that all
necessary data has been collected. During this program, Arconic-funded efforts were completed
on a 2D data matrix application process which eliminates all hand-entry of part serialization.
Since this technology eliminates misattribution of both process and attribute data, it becomes
sensible to trigger processing stops when prior process or attribute data has not been collected.
This assures that product at the shipping dock will have had all Digital Twin data collected for
transfer to the customer. Productionization of this technology is ongoing.

Lacking 2D data matrix implementation during the program resulted in reliance on a pre-
shipment data integrity check to assure that all required data was available for transfer at the
point of casting shipment. This manual overcheck, using existing Arconic software, was
conducted for all data sets prior to both shipment and data extraction for transmission.

Task 3: Casting Variation Mapping

The variation in the geometry of the hollow turbine blade castings can be measured by widely
accepted dimensional metrology techniques. These techniques can be broadly decomposed
into two components: (a) Those measuring variation of the external surface geometry; and (b)
those measuring variation in the metal wall thickness of the blade.

Measurements of the external contour may be conducted via either coordinate measurement
machines providing data via contact measurements or by optical metrology techniques (laser
triangulation gages, structured blue light sensors etc.) that provide large point cloud data sets
representing the geometry of the blade. Normally, these data sets are used to compute the
feature deviations of the external surface. Generally, data from such measurements would
comprise part of the digital thread of data that would be transferred by vendors.

Wall thickness measurement of turbine blades can be obtained through several non-destructive
inspection techniques including ultra-sound probing (UT), computed tomography (CT), infrared
imaging (IR) etc. with the two most common production methods being UT and CT. In the
ultrasound probing technique an ultrasound transducer is placed in contact with the airfoil part
normal to the surface and high frequency sound waves are incident into the part. The incident
sound waves reflect from the front airfoil and the internal cavity locations as shown in the picture
below. The time difference between the two reflections and the knowledge of the velocity of
sound through the material are employed via appropriate calibrations to determine the distance
travelled by the sound waves between the two reflections. Thus, UT measures local wall
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thickness at several individual discrete measurement locations on the part. Conversely, CT
measurements of parts result in data sets of varying size, due to the natural variations in the
part. Therefore, ultimately data transfer protocols and part classification schemes need to be
able to deal with either fixed or variable length data sets. Wall data from such thickness
measurements would combine with the external geometry measurements described earlier to
comprise the digital thread of data that would be transferred by vendors.

Task 3.1 Variation Mapping Methodology

The availability of external contour and metal wall thickness data for individual castings via the

digital thread provides for a strong motivation to better quantify the geometric configuration of

the actual castings on a per serial number basis. This variation methodology should model the

relationship of the internal cavity of the part with reference to the external airfoil position. The

term -diciofed refers to the devi at-inadecastingfrgmats i ti on o
nominal design position relative to the external airfoil. This variation mapping methodology that

computes the impact of the casting variation on the hole drilling operation has several steps as

detailed below:

1. Obtain position and normal of nominal wall measurement location: First, we
determine the nominal location 0 j and surface normal 0 at which the UT
measurements are taken on each blade from the part design information in the
appropriate coordinate system. As illustration, 0 is one of the ultrasound probe points
where the local wall thickness 0 of the metal wall is measured on the blade along the
indicated normal direction.

Metal wall

Cavity (inside)

UT probe

Airfoil (outside)

normal
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2. Obtain airfoil (external) information for a sample of production blades: While wall
thickness measurements are available for each part in the production data stream,
corresponding information with regards to the external airfoil contour are not routinely

measured for each part. Thus, a surrogate method of computing the external airfoil
geometry has been devised. To this end detailed CMM inspection is obtained for a
sample of n production blades. Alternatively, optical scan measurements may also be
used. CMM measurements are typically obtained at a fixed number of cross-sections
radially along the airfoil as shown. At each of the probe points the CMM measurements
are reported as measured (X,y,z) positions on the surface of the airfoil for each nominal
(x,y,z). The surface deviation ‘Q at each measured point relative to the nominal
measurement is obtained from this procedure as the signed distance between the
measured and nominal position projected along the local external surface normal.

3. Estimate Airfoil UT measurement location using average CMM deviation: Based
upon the sample set of n parts we computed the mean (A) and sigma (A ) of the surface
deviation ‘Q at each external measurement location. The figure below shows a sample
plot of the mean and sigma for the primary airfoil used in this program. In the absence of
routine inspection of the external airfoils from casting vendor, we estimate the measured
UT location for each airfoil to be at the surface offset of the nominal UT position along

AJ\’

UT MEASUREMENT LOCATIO

the surface normal by the mean surface deV|at|on computed from the sample data set.
The expressmn that yields this mean airfoil position as 0 F0 p AzZ0 g

Here 0 h represents the external UT measurement location on the average airfoil.

Overall the variation, A of the measurements is significantly smaller than the mean
deviation A for the primary airfoil, enabling the use of the average measurements as an
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effective surrogate for the external measurements of each individual airfoil.

4. Compute estimated Core UT location using Average CMM location and inspection
UT wall thickness: With the UT measurement location known from the previous step
and the corresponding airfoil wall thickness information known from the casting
inspection data at each measurement location on each blade (by serial number), we can
compute the location of the internal caV|ty posmon 0 at the measured airfoil UT
location 0 using the expression: 0 E0 E 020 . As, the location
of the cavity (i.e., core shift) is specified with reference to the external airfoil, errors
introduced from using the average external position 0 i instead of the precise
measured airfoil surface point do not have a first order impact on core shift estimation.
The measured wall thickness 0 is the most significant factor in determining the cavity
position.

Wall Thickness RMS Nominal Vs. Core Shift Model

Wall Thickness RMS (in)

Blade Coun

— RIS s Nominal Model e RIS s, Core Shift Model

5. Compute core shift model by minimization of RMS deviation between model and
estimated core positions: The process described in the previous step is employed to
determine the estimated internal cavity position 0 i at each of the vendor supplied
UT measurement locations. Thus, discrete positions representing the internal cavity
position in relation to the external airfoil geometry at all UT measurement locations are
obtained. Recall, that the nominal cavity CAD model positions are also available in the
same coordinate system. Thus, the problem of defining the core-shift is formulated as a
non-linear minimization problem in 6 variables: 'Y @Y &Y awhich represent the rotation of
the core about the afuftx axes and "Yd& Y& Ywhich represent the translation of the core
about the aftdty axes of the coordinate system. We may also include 2 additional scale
variables "Yvand "Y do determine scale factors along the wand waxes. Succinctly, the
equation representing the core-shift is glven as:

0 EoYz 'Yz oy Y
The objective of the NL minimization is to determine the optimal values of the 8
parameters that minimize the root mean square distance between the measured internal
cavity locations 0 i and the O m hominal cavity model. This equation is written
as:
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A robust Newton-Raphson gradient based technique is used to iteratively converge to
the optimal solution that determines the optimal values for the rotation, translation and
scaling parameters. The figure above shows plots of the root mean square deviation of
the wall thickness before and after NL minimization for over 7700 blades of the primary
airfoil. This plot shows that the root mean square difference between the measured and
nominal wall thickness is more than 2X of the root mean square difference between the
measured and the core-shift model wall thickness. This shows that the core-shift models
are a better representation of the measurements vs. the nominal blade by a factor of 2.

1)71 om

N F
~ ,drlllnom

(c)

6. Compute components of the core shift and over-drill O/D distance at each of the
drilling positions: In this step, we determine the impact of the core shift on hole drilling
operation. To this end, first the nominal internal pierce point is computed as the
intersection of the drilling vector Qi1 "Qawith the internal cavity geometry, shown as
0 in Figure (a) above. Next, we apply the core shift transformation computed above
on the nominal internal drill pierce point to compute its estimated position in the actual
part. The vector connecting the nominal pierce point with the shifted pierce point
represents the estimate of the core-shift at the local drilling location. This is illustrated in
Figure (b) and (c). Figure (b) shows the moved location of the internal cavity and the
location of 0 on the moved cavity as point 0 ‘ 8Note that in general point
0 ‘ does not lie along the drill vector. If no compensation is made, the
intersection of the drill vector would be found at 0 in the core shifted part instead. The
vector value of the core shift at the drilling location is shown in Figure (c) as @ Q@ .
Three components 6 [ and 6 of the core shift vector are computed: 6 core shift along
hole drilling vector; 6 : core shift orthogonal to the drilling; and 6 : Core shift along the
vector orthogonal to the other two directions as shown in Fig (d). We also compute the
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distance from the end of the hole to the nearest cavity surface along the hole direction
as the over drill margin distance 07O

7. Compute offsets at the hole for adaptive drilling operation: In this step, we compute
the offset values for drilling at the hole. To this end, we first rotate the cooling hole vector
about the two rotary axes (A and B axis) of the drilling machine such that the hole axis is
collinear with the drilling axis of the machine as illustrated in the figure below. These
specific rotation angles and the rotation vector direction are design input information
obtained from the nominal drilling program data. Next, we determine the offset values of
the shifted pierce point computed in the previous step with respect to the nominal pierce
point in this rotated orientation, shownas 0 and 0 (0 along the drill direction is not
illustrated). Adaptive drilling to target the design internal pierce point requires offsetting
the drilling command with these computed offset values. Thus, the offset values are
computed in the coordinate system under which the part is drilled on the machine. The
computed offset values for each drilled cooling hole of each part (specified serial
number) may be either written out to a text file and stored or written as entries into a
relational database.

8. Uploading offset values to the drilling machine: In this step, the drill offset values
computed for each hole being adaptively drilled are loaded into the machining program.
Two methods can be used for loading the offset values into the CNC program. In the first
method, all offset values are written to a text file in a predetermined sorted order and the
text file is copied over to a specified location on the CNC machine folder structure. The
baseline CNC program is modified to read the offset values from the local offset file.
Further the G-code to position the drill to the correct XY position at each hole is modified
to include the computed X and Y offset value for the corresponding hole as shown in the
figure below. Under this structure, only the computed offset values corresponding to the
core shift of the blade will change, while the baseline adaptive CNC program stays the
same for all parts. With individual blades exhibiting varying degrees of core shift as
reflected in the computed offset values, the same baseline CNC program may thus be
used to offset the drilling location for each hole in the blade. In the alternative method,
the offset values are written as database entries into a relational database, identified by
part serial number and a hole identifier tag. These offset values are then directly written
to an array on the CNC machine controllers using a machine interface triggered via the
machine® MTConnect data feed. The machine interface watches the MTConnect feed
for a part serial number update and triggers the interface to load the specific serial
number hole offsets to the corresponding axis arrays on the CNC machine controller.
The arrays are created on the machine controller for each axis required. The part
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program reads in the array values for each corresponding hole adjusting the drilling
offsets. In addition, the machine interface pushes specific row and hole offset values to
the corresponding array addresses for each specific row and hole, making the offsets
human readable in the array. For example, the offset values for Row 3 hole 10 are in
each array in corresponding position 3, 10. Either of the two (2) methods described are
required based upon the vintage and capabilities of the specific machine controller. The
machine integration is preferred on machine controllers that can use arrays.

ROW1HOLEL:
("CURRENT ROW,HOLE: 1,1"™)

X0.3232 YT7.5444 AT70.001 B-149.897

ROW1HOLET :
MSG ("CURRENT ROW,HOLE: 1,1")
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Validation of the above described core shift procedure is a key step to its usage for part
classification that will be described later. To that end, three types of validation tests have been
carried out with production UT data received from the vendor. Those include repeatability,
accuracy and sensitivity tests as described below.

Repeatability Test: To test the repeatability of the above-mentioned core-shift computation
procedure, the casting vendor supplied repeat ultra-sound wall thickness measurement data for
10 blades, with each blade being measured 3 times. Thus, the normal expected gage variation
with the UT measurement was introduced by this process into the core shift calculation
procedure. The figure below illustrates the typical gage repeatability for ultrasound wall
thickness measurement at one specific measurement location. The graph shows that the Gage
R&R is less than 10% of the part variation, and thus the input ultrasound wall measurements to
the core-shift calculations has adequate gage capability. It has been validated that the UT gage
measurements as reported by the vendor has adequate gage performance at all other
measurement locations for the primary airfoil employed in this program.
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